A PasteureUla haemolytica-like organism, a new species of bacterium isolated from piglets with diarrhea, secretes a leukotoxin into the culture media. Western blot (immunoblot) analysis indicated that this leukotoxin cross-reacted with antileukotoxin antibody derived from cattle immunized with P. haemolytica. Five overlapping recombinant bacteriophages carrying the gene for this 105-kDa polypeptide were identified with a DNA probe containing sequences from the P. haemolytica lktCA genes from a P. haemolytica-like organism strain 5943 genomic library. Sequence analysis of a region of the cloned DNA revealed two open reading frames encoding proteins with predicted masses of 19.4 and 101.6 kDa. These genes, which we designate pflktC (P. haemolytica-like organism leukotoxin C gene) and plktA4 (A gene), respectively, are similar in sequence to the RTX (repeat of toxin) toxin family. The structure of the 101.6-kDa protein derived from the DNA sequence shows three transmembrane domains in the N-terminal part of the protein, 13 glycine-rich repeat domains in the second half of the protein, and a hydrophobic C-terminal part. plktC and pflkt4 are strongly homologous to P. haemolytica SkC and ki4 genes. However, this leukotoxin kills both BL-3 and pig leukocytes and is not hemolytic.
Pseudomonas aeruginosa, Actinobacillus pleuropneumoniae, and Salmonella cholerae-suis (32) . Results of these studies suggest that the PHL organism may belong to a new group of organisms of the genus Pasteurella (27, 32) .
In the past several years, a number of gram-negative bacteria which secrete high-molecular-weight (100,000 to 120,000), calcium-dependent cytotoxic proteins that are immunologically and genetically related to the alpha-hemolysin (HlyA) of E. coli have been discovered (3, 6, 7-9, 10, 13-19, 21-24, 36) . These toxins have been designated the RTX (repeat of toxin) toxin family on the basis of a series of glycine-aspartic acid-rich nonapeptide repeats found in the carboxyl-terminal third of the toxin protein (38) . The genetic determinants for the secreted RTX toxins consist of four genes: A, the structural gene for toxin protein; C, which is required for "activation" of the toxin prior to secretion; and BD, which are essential for the process of secretion. The four RTX genes are typically found in a single transcriptional unit, CABD, and are expressed from a common promoter located upstream of the C gene (19, 26, 39) . However, in A. pleuropneumoniae hemolysin determinants (apxII), the BD gene pairs are lost during the evolutionary process (10) .
In this paper, we report that PHL organism also secretes a leukotoxin with a molecular weight (105,000) similar to that * Corresponding author. of P. haemolytica leukotoxin and the complete nucleotide sequence of C and A genes. This leukotoxin is less species specific than P. haemolytica leukotoxin, because it kills both BL-3 cells and pig leukocytes.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. P. haemolytica 629 and p1148 (a streptomycin-dependent mutant) were described previously (8, 11) . PHL organism strains 6451A, 6646, 900B, 5943B, and 6794A were described before (32) . P. multocida p1059 was isolated from a cow that died of pneumonia (11) . All Pasteurella strains were grown in brain heart infusion broth. All E. coli strains {JM101, supE thi A(lac-proAB) F' [traD36proAB+ lacIq lacZAM15]; TB1, ara A(lac-proAB) rpsL $?80dlacZAM15 hsdRJ7 (r-m+); LE392, hsdR514 (r-m+) supE44 supF58 lacYl galK2gal722 metBl trpR55; P2392, a P2 lysogen of LE392} were cultured in Luria broth (30) containing the appropriate antibiotics when necessary. Vectors lambda-Dash, M13mpl8, M13mpl9, and pHG165 were as described previously (9, 29) . The intact pllktCA genes from Xyfc34 were subcloned into pHG165 (37) as an EcoRI fragment to form pYFC93.
SDS-PAGE and Western blotting. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting (immunoblotting) were performed as described previously (8, 9) , using culture supernatants (5 ml) concentrated by the chloroform-methanol-water system (40) , and resuspended in 150 ,ul of sample buffer. After being boiled for 2 min, samples (15 ,ul) were subjected to SDS-PAGE. Immunoreactive proteins were visualized with bovine antileukotoxin and an anti-bovine immunoglobulin G second antibody conjugated to alkaline phosphatase (8) .
Construction of a genomic bank of PHL organism DNA in A-Dash. PHL organism chromosomal DNA from strain 5943B was isolated as described previously (9, 35) and partially digested with Sau3A. The digested DNA was fractionated by sedimentation through a 10 to 40% sucrose gradient (8, 9) , and fractions containing 9- Assay of cytotoxic activity. The pig lymphocytes were prepared as described previously (4) . The (8) .
Nucleotide sequence accession number. The DNA sequence of pllktC and pllktA has been submitted to GenBank and assigned accession number L12148.
RESULTS
Western blotting analysis. To determine whether the PHL organism also secreted the leukotoxin, the culture supernatants from two P. haemolytica strains, P. multocida, and five strains of PHL organism were analyzed by Western blot, using bovine antiserum raised against P. haemolytica leukotoxin. A cross-reacting polypeptide species of 105 kDa was identified (Fig. 1A) . Thus, the PHL organism leukotoxin, which we designated PlLkt, is immunologically related to P. haemolytica RTX toxin.
Cloning the pUkt locus. We screened a PHL organism genomic library constructed in the phage vector X-Dash with a DNA probe derived from pYFC19, a plasmid carrying the lktCA locus (8) . Five clones were isolated which overlapped each other (Fig. 2) . Except Xyfc36, all other clones expressed a 105-kDa polypeptide detected by Western blot with the antileukotoxin antibody (Fig. 1B ). Xyfc36 produced a truncated polypeptide of 70 kDa (Fig. 1B, lane 4) . The fact that this clone expressed a truncated toxin provided a location and orientation for the putative pllkt locus within the cloned DNA. Southern blot analysis with an XbaI-PstI fragment, which maps to the toxin determinants as judged by DNA sequencing, showed that no detectable rearrangement occurred during the cloning procedure (Fig. 3) . Despite the fact that all four clones which produced the full-length leukotoxin were identified, no cytotoxic activity could be detected in any of the phage lysates (data not shown).
DNA sequence of pllktCA genes. A 4-kbp region indicated by the truncated clone was subjected to DNA sequence analysis (Fig. 4) . As in the case of the RTX loci, there is a small open reading frame preceding the toxin open reading frame, presumably encoding the pllktC gene (Fig. 4) . The pllktCA genes are more closely related to lktCA from P. haemolytica than to other members of the RTX toxin family. other RTX CA genes for which sequence information is available.
The pllktCA sequence was examined for E. coli promoterlike sequences by the homology score method (30) . There were two sequences, TAATCT and TAAAAT, similar to the TATAAT consensus promoter sequence (-10 region) and one sequence, TTGATT, similar to the consensus RNA polymerase-binding site (-35 region) (30) proximal to pllktC (Fig. 4) . Upstream of the start codon of pllktC, there is a potential ribosome-binding site (Fig. 4) . A ribosome-binding site lies proximal to pllktA (Fig. 4) . A sequence very similar to the rho-independent transcriptional terminator of E. coli downstream from pllktA was also observed (Fig. 4) .
We analyzed the hydrophobicity of the deduced amino acids of PlLktA and its potential membrane-spanning regions by the method of Klein et al. (20) . The analysis identified three potential transmembrane regions on PlLktA between amino acids 154 to 170, 312 to 333, and 393 to 414 (Fig. 4) Table 2 ). The cytotoxicities of P. haemolytica 629 and other strains of PHL organism leukotoxins are shown in Table 2 . However, with culture supernatant from E. coli harboring vector pHG165, we did not detect any toxin activity ( Table 2 ). The leukotoxic activity from E. coli harboring pYFC93 could be neutralized by cattle anti-P. haemolytica leukotoxin antibody, as is the case with the leukotoxin from PHL organism (data not shown).
DISCUSSION
We have identified a new species of bacterium from pigs with diarrhea which secretes a toxin that can kill BL cells as well as fresh pig lymphocytes. This toxin could be detected by Western blot analysis by using neutralizing antisera to the P. haemolytica leukotoxin. This suggests that PHL organism produces a leukotoxin which is a new member of the RTX toxin family. A PHL organism genomic library was constructed in the replacement vector X-Dash and screened with a DNA probe derived from pYFC19 which contains lktCA genes of P. haemolytica (8) a The sequences were taken from the following sources: apxL4 (15), apxIUA (9) , hly (14) , lkt (18, 24; our unpublished data), aalkt (22, 23) .
Percent identical residues. c Percent identical residues assuming that the following amino acid pairs are equivalent: I and V, S and T, E and D, K and R, and F and Y. produced a 78-kDa polypeptide which is a truncated form of the 105-kDa protein (Fig. 1B, lane 4) .
DNA sequence analysis of a 4-kbp region from clone Xyfc34 indicated the presence of two open reading frames which we designated pllktC and pllkt4. These encode polypeptides of 165 and 947 amino acids, respectively. In addition, there is a potential third open reading frame in the cloned DNA beginning at position 3431 of the sequenced region (Fig. 4) . We suspect that this represents the aminoterminal coding region of a putative pllktB gene and that a fourth gene, pllktD, will lie distal to pllktB.
We could not detect leukotoxin activity in lysates prepared by infecting E. coli with any of the bacteriophage clones. This is similar to the A. pleuropneumoniae hemolysin gene clones, as reported previously (9) . When the pllktCA genes were subcloned into a multicopy plasmid vector, the recombinant plasmid expressed the 105-kDa protein ( Fig. 6 ) with leukotoxin activity ( terminus. Instead, the predicted amino terminus is rich in serine, threonine, and lysine (13 of the first 39 residues) and has the capability of forming a positively charged, amphophilic a-helix, as do the amino termini of other RTX toxins (18) . There are three transmembrane domains in the N-terminal part of the protein (Fig. 4) . These structural features have been reported to facilitate the interaction of this class of lytic toxins with target membranes (18) . There are 13 glycine-rich repeats in the second half of the PlLktA (Table  3 ). The glycine-rich repeats have been reported to be responsible for cell binding (2, 12, 25, 28) . However, PILKTA (this study), LKTA (8, 18, 24) , and AaLktA (22, 23) and ApxIIIA (6) are potent leukotoxins with no hemolytic activity; they contain 13 glycine-rich repeats for the former two, 17 for AaLktA, and 16 for ApxIIIA (Table 3) . Despite the strong homology between PHL organism and P. haemolytica leukotoxin, the former is less specific than the latter since the former kills both BL-3 and pig leukocytes. A further characterization of these two toxin genes is under way in our laboratory.
In summary, the DNA sequencing results have shown that PlLktA is a member of the RTX toxin family. The level of similarity between LktA and PlLktA suggests that they (1) . The presence of these repeats allows participation of this DNA region in homologous recombination. Examination of the flanking regions of the PHL organism toxin determinants for the presence of identical repeats will enable us to determine whether the PHL organism toxin determinants could be mobile by using a similar mechanism.
